Abstract: This paper presents a novel Model Reference Adaptive Control (MRAC) incorporating Neural Network (") for the pneumatic servo system. In the proposed method, the input of the NN are different from which in the conventional method. And there is no need to use the inner parameters of the NN during the leaming of the NN. The effectiveness of the proposed scheme is confirmed by experiments using the existent pneumatic servo system.
Introduction
A number of control schemes have been applied to improve the control performance of the pneumatic servo
In a pneumatic servo system, changes in load mass, fiction and air compressibility cause noticeable parameter variations ofthe plant. Therefore, it is dithcult to accomplish satisfactory control performance using traditional methods. A MRAC incorporating NN has been developed by some researchers to improve the control performance of the pneumatic servo system6). But, in these conventional methods, there need the inner parameters of the NN in the calculating of the Jacobian. And there is possible a overflow problem when the denominator is equal to zero. This paper presents a novel design scheme of MRAC incorporating NN for the pneumatic servo system. Different inputs of the NN are chosen and we can get the Jacobian clearly now. The effectiveness of the proposed scheme is confirmed by experiments using the existent pneumatic servo system. Experiments show that the proposed method can improve the positioning precision, and can even compensate the non-symmetry(if exist) of the system. After a hriefintroduction of the pneumatic servo system in Section 2, the principles ofthe discrete time MRAC will be presented in Section 3. And Section 4 will show the identification method used in the MRAC. The proposed Nh' based MRAC for pneumatic servo system is introduced in Section 5. The experimental results will be given in Section 6. At last, we make an overall conclusion of the paper in Section 7. Figure 1 shows the configuration ofa pneumatic servo system. The cylinder is set up horizontally. The pneumatic cylinder is a both-rod type with a diameter of 55 mm and with a stroke of 170 mm. There are two proporlional valves ofthree-direction. We design the input-side pressure P, ofthe valve as 0. 8 nal in the computer is converted to analogue signal by two DIA converters (12 bits), and then the signal is sent to the power amplifier to drive the valves and the cylinder. The controlled plant we discussed is the enclosed part by the dashed line in Fig. 1 . We assume that the discrete-time plant model of the pneumatic servo system is as following') where, 
Pneumatic servo systems
A(=-') = I + a i z -' + a 2~-~+ a~r -~ (2) B(z-')=bo+biz-'+b2~-*,(bofO)
Discrete time MRAC
Consider a SlSO linear discrete-time time-invariant plant described by Equ. 1. We assume the zeros ofB(2-I) are all in IzI < I ; therefore they can be canceled without leading to an unbounded control input8).
'lhe following reference model is used (4) where,
r(k) is a bounded reference input, and A&') is an
Then there exist unique polynomials R and S which satisfy asymptotically stable polynomial.
AM(=-') = A ( z -' ) R ( z -~) + z -~S ( Z -' )
where,
From Equ. 7 we can get the parameters of R and S as follows:
s o = a m -a 2 -a l r i
.SI = -a y 1 -0 3 s2 = -agrl Multiplyingy(k) in both-side of Equ. 7 and using the identity Equ. 1, we have:
+ z-2s(z-l)y(k)
.
4M(z-1)y(k +z) = B ( Z -' ) R (~-~)~(~) +~(z-')y(k) (I I )
which can also be written as Now, the control u(k) will be written as
Identification of plant
The identification method is Constant-Trace-Algorithm of LSM (Least Square Method).
We assume that the discrete-time plant model of the pneumatic system is as Equ. This paper presents a novel MRAC incorporating NN scheme. The inputs of the NN were re-selected due to the new physical meaning of the NN in the proposed scheme. And now the Jacobian of the system can be get clearly. There is no need the inner parameters of the NN in the calculation of the Jacobian.
The MRAC is effective for linear time-invariant systems.
From Equ. 15, the conventional MRAC for a linear pneumatic servo system is rewritten as:
Here, rsM (k) is given by Equ. 28, the MRAC control U, (k) is a linear function. We use the following non-linear equation to describe the MRAC for a class ofnon-linear systems,
where,(m=1,2,3, n=0,1,2). Figure 2 is the block diagram of the proposed scheme. The role of the NN is to provide the non-linear part of Equ. 29. The u , ( k ) in Fig. 2 will be obtained from Equ. 27, which will provide the linear part of Equ. 29. The weights of the NN will be updated so that the uN(k) can compensate the certain nonlinearity of the plant.
The control input u(k) is the sum of MRAC uy(k) and the output of the NN u,(k).
A 3-layer NN with a slructure of 7-13-1 is used"). Because we just want the NN to provide the certain nonlinearity to the 
=wj2'(k-Z)hj(k-2)(1 -/ij(k-Z))Ti(k-Z)
The same method can he employed to get another derivative, that is
Now, we will obtain the Jacobian of the system Ju,(k-2 ) + Ju,(k-2)
Here, we can accomplish the updating of weights according to Equ. 34,37, 39 and 40.
Experimental results
This section shows the experimental results which were carried out using the existent pneumatic servo system.
A rectangle wave is used as an object signal. The amplitude of the rectangle wave is from 25 to -25 mm. We choose the sampling period as 6Oms from the step response. The period of the rectangle wave is 60 seconds. The leaming rate is chosen as 0. cles, there is bigger control error due to the model-plant mismatch. From the third cycle, the positioning error become smaller, and now we start the leaming of the NN. Due to the nonlinearity ofthe plant, we can clearly find that there is still some positioning error during the learning of the NN. And Fig. 5 shows the responses after 20 cycles. Now the NN have a good leaming result, and we can not find the positioning ermr in the figure just using our eyes. Figure 6 shows the positioning error during the leaming of the NN. 22 cycles are given out. show the histograms of the positioning error of the conventional method. And Fig. 8 (a) and (b) show the histograms of the positioning error in the proposed scheme. From these figures, we can find that the absolute value of steady-state positioning error in the conventional method is less than 0.4 mm, and which in the proposed scheme is within 0.1 mm. So, In the experiments, there always have some non-symmetry in the system. And it is difficult to get a good balance both for the positive side and for the negative side. From study of the output of the NN u , ( k ) after the leaming. We cam find that u,(k) is also non-symmetrical. It is just the non-symmetry o f the NN output that compensate the non-symmetry of the controlled plant.
Conclusions
A novel MRAC incorporating NN for the pneumatic servo system has been proposed. The NN in the proposed control scheme is used to give some nonlinearity to the linear MRAC algorithm. The input of the NN is rexhosen in the new method. Now we don't need the inner parameters of the NN, and we can get the Jacobian of the system clearly. The effectiveness of the proposed design scheme is confirmed by the experiments using the existent pneumatic sew0 system. Experimental results show that the proposed control scheme can improve the positioning precision, and can even compensate the non-symmetry(if exist) of the system. 
